Background {#Sec1}
==========

Malignant mesothelioma is an aggressive, almost uniformly fatal, asbestos-induced cancer \[[@CR1], [@CR2]\]. It is a tumor of the serosal cavities, predominantly of the pleura and is generally widespread throughout the cavity at the time of presentation. Patients who are treated with supportive care have a median survival of only 9 months \[[@CR3]\]. Those treated with the best available chemotherapy (pemetrexed and cisplatinum) have an average increased survival of only 10 weeks \[[@CR4]\], with a median survival between 9 and 14 months \[[@CR5]\]. However, in select patients with early-stage epithelial disease who undergo extra pleural pneumonectomy, followed by adjunct chemotherapy and radiotherapy, 5-year survival rates of 46 % have been reported \[[@CR6]\]. Therefore, like most cancers, early detection of malignant mesothelioma has the potential to improve patient outcomes \[[@CR7]\].

Recently, the ONCOblot tissue of origin cancer detection test, a serum-based method for cancer detection, has been described \[[@CR8]\]. The test is based on the discovery that there are cancer-specific transcript variants of ecto-nicotinamide adenine dinucleotide oxidase disulfide-thiol exchanger 2 (ENOX2) \[[@CR8], [@CR9]\] and consists of 2-D gel electrophoretic separation of serum proteins followed by immunoblot analysis with an ENOX2-specific recombinant antibody. ENOX2 belongs to a family of cell surface proteins that oxidize reduced pyridine nucleotides \[NAD(P)H\] and are essential for cell enlargement and growth \[[@CR10]\]. At least 20 tissue of origin specific patterns of ENOX2 transcript variants have been described (and/or combinations of isoforms) indicative of the cancer tissue of origin \[[@CR8]\]. These ENOX2 proteins are shed into the circulation and can be detected in some early stage cancers, including: breast, lung, colon, prostate and ovarian cancer (Table [1](#Tab1){ref-type="table"}).Table 1Table of rangesCancer**N**Acceptable rangesProtein 1Protein 2Protein 3MW\
(kDa)pI\
(pH)MW\
(kDa)pI\
(pH)MW\
(kDa)pI\
(pH)Bladder2563--664.2--5.642--484.1--4.8Blood cell (total)8834--473.5--4.5Breast53864--694.2--4.9Cervical3790--1004.2--5.4Colorectal9080--964.4--5.450--654.2--5.333--463.8--5.2Endometrial (uterine)6067--714.2--5.141--483.7--5.4Esophageal942--474.6--5.2Gastric10120--1884.7--5.550--624.5--5.645--532.4--3.6Hepatocellular1958--704.5--5.034--404.1--5.2Kidney (renal cell)2169--734.7--5.454--614.1--5.238--433.7--4.3 Leukemia^a^3234--453.5--4.5Lung (total)10352--564.1--5.3 Lung, non-small cell^a^7154--564.7--5.3 Lung, small-cell^a^3252--534.1--4.6 Lymphoma^a^3343--453.5--4.5Melanoma3937--414.6--5.3Mesothelioma2560--683.8--4.138--443.8--4.6 Myeloma^a^2338--473.6--4.5Ovarian10272--903.7--5.037--473.7--5.0Pancreatic6248--513.9--5.4Prostate18271--885.1--6.5Sarcoma2250--555.2--5.637--454.3--4.9Squamous cell4657--685.0--5.4Testicular germ cell561--625.0--5.442--454.4--4.7Thyroid follicular1448--564.7--5.137--424.5--5.2Thyroid papillary2256--674.5--5.037--443.2--3.6Totals1519^a^Bracketed entries are aggregate cancers or subsets already represented in the totals as aggregates (lung) or subsets (blood cell cancers)

ENOX2 transcript variants of specific molecular weights and isoelectric points (pIs) are produced uniquely by patients with cancer \[[@CR10]\]. Identification of cancer presence by detecting ENOX2 transcript variants produces a low incidence of both false positives and false negatives (\>1 % for subjects with clinically confirmed cancers), as they are molecular signature molecules produced specifically by cancer cells and are absent from non-cancer cells \[[@CR10]\]. The predictive correlation between ONCOblot findings and the onset of cancer is based on findings that support ENOX2 as a marker of cancer presence \[[@CR11]\].

Considerable interest exists in the development of early screening tests for malignant mesothelioma in asbestos-exposed populations. Therefore, the present study was undertaken to determine if cancer-specific ENOX2 transcript variants might serve as biomarkers to detect the presence of malignant mesothelioma in advance of clinical symptoms. To this end, serum samples, collected prior to diagnosis as part of a prospective cohort study \[[@CR12], [@CR13]\], were examined by using the ONCOblot test. This examination of serum samples from asbestos-exposed subjects revealed that patients with a clinically confirmed diagnosis of malignant mesothelioma produced a consistent pattern of two ENOX2 transcript variants. These two transcript variants were detected well in advance of clinical symptoms. These findings indicate that the ONCOblot Tissue of Origin Cancer Detection Test might, if validated in other studies, provide a useful addition to the diagnostic repertoire of tests for the early detection of malignant mesothelioma \[[@CR14], [@CR15]\].

Results {#Sec2}
=======

Study population characteristics {#Sec3}
--------------------------------

Sera from 17 individuals with confirmed malignant mesothelioma were studied (Table [2](#Tab2){ref-type="table"}). The majority of the malignant mesothelioma cases were of epithelial histology and all occurred in the pleural cavity. The majority of cases were male and the mean age of diagnosis was 67. The median survival for this group of patients was 24 months (95 % CI 20--30) after clinical diagnosis. For seven individuals, annual pre-diagnosis samples were available for analysis (Figs. [1](#Fig1){ref-type="fig"}a,b; [2](#Fig2){ref-type="fig"}). Sera from 15 asbestos-exposed subjects but free of malignancy were analyzed in parallel (Table [3](#Tab3){ref-type="table"}). These subjects had a variety of benign lung and pleural disease and were of a similar age to the malignant mesothelioma patients at the time of serum collection (mean age 72 years). The asbestos-exposed control group included two females. For three individuals, annual serum samples were available for analysis (Table [3](#Tab3){ref-type="table"}).Table 2Molecular weights and isoelectric points of mesothelioma-specific ENOX2 transcript variants from analyses of 17 confirmed male malignant mesothelioma patientsPatientAge at sampleProtein 1Protein 2kDapHkDapH745770603.8384.4771663613.9384.4650053603.8384.4210167614.0404.5221575613.9423.89466633.8423.810354683.9414.112964663.8394.3234165683.9394.3274468634.0413.9774463674.0434.3948473653.8424.6939472654.0424.4911172673.8424.2911367634.0434.3944663623.9444.5992676643.9424.3Mean63.63.940.94.3Standard deviation±2.7±0.1±1.9±0.2Fig. 1ONCOblot images. Images are from patient ID 2101 (**a**) and patient ID 2215 (**b**), beginning 106 months (−106) before diagnosis of asbestos-induced malignant mesothelioma. Isoelectric focusing was in the first dimension, pH range 3--5 shown, with sodium dodecyl sulfate gel electrophoresis in the second dimension with comparisons to a standard reference protein, α-fetuin. The α-fetuin reference protein is common to all non-cancer and cancer patient sera. The *long arrows* indicate the higher molecular weight transcript variant (Protein 1) and the *short arrows* indicate the lower molecular weight ENOX2 transcript variant (Protein 2)Fig. 2Summary diagram. Serial assays of the seven male subjects, median age of diagnosis 67 years, beginning 168--96 months before diagnosis of asbestos-induced malignant mesothelioma are represented. *Solid symbols---*both Protein 1 and Protein 2 evident. *Open symbols*---neither Protein 1 nor Protein 2 evident. *Shaded symbols*---only Protein 1 evidentTable 3ENOX2 transcript variants and quantitation by spot size from analyses of 15 subjects (mean age 72) diagnosed with benign, asbestos-related lesionsPt. IDGenderDiagnosisDisease-free\
(years)Protein 1\
diam^a^\
(mm)Protein 2\
diam^a^\
(mm)1268MPlaques + Asbestosis12.01.322.01.341.50.851.51.071.01.381.01.0100.81.31542MPlaques1NSNS2NS1.64NS1.86NS1.69NS1.310NS1.311NS1.61842MPlaques + Asbestosis1NSNS2374MPlaques + AsbestosisNSNS2397MPlaquesNSNS2426MPlaques + AsbestosisNSNS3720MPlaquesNSNS3768MPlaquesNSNS3846MPlaquesNSNS4288FPlaques + Asbestosis82.2NS92.0NS101.8NS4334MPlaques + AsbestosisNS1.54476MPlaquesNS1.49629MPlaquesNSNS9676MPlaques + AsbestosisNSNS10011FPlaques1.6NS^a^Spot diameter in mmNS = no spot

ENOX2 transcript variants indicative of malignant mesothelioma {#Sec4}
--------------------------------------------------------------

The signature pattern of ENOX2 isoforms produced by malignant mesothelioma consisted of two ENOX2 transcript variants (Table [1](#Tab1){ref-type="table"}; Fig. [1](#Fig1){ref-type="fig"}a, b). Consistently, two isoforms of ENOX2 were detected in sera samples collected from subjects an average 7.5 months (SD = 8) after confirmed diagnosis of malignant mesothelioma (Table [2](#Tab2){ref-type="table"}). The larger ENOX2 transcript variant (Protein 1) had a molecular weight of 64 ± 2.7 kDa and a pI of pH 3.9 ± 0.1. The smaller variant (Protein 2) had a molecular weight of 41 ± 1.9 kDa and a pI of pH 4.3 ± 0.2. Both were detected in all 17 patients. The range in size and pI was 60--68 kDa, pH 3.8--4.1 for Protein 1 and 38--44 kDa, pH 3.8--4.6 for Protein 2 (Table [1](#Tab1){ref-type="table"}).

ENOX2 transcript variants detected in pre-diagnosis serum samples {#Sec5}
-----------------------------------------------------------------

For seven mesothelioma patients, annual serum samples were available before clinical diagnosis. For all seven, both ENOX2 protein isoforms were detected in pre-diagnostic serum samples (Figs. [1](#Fig1){ref-type="fig"}a, b; [2](#Fig2){ref-type="fig"}) available at least 4 years before diagnosis. For one subject, ENOX2 was detected 10 years prior to diagnosis (Fig. [2](#Fig2){ref-type="fig"}). While in five subjects both the Protein 1 and Protein 2 were detected at the same time point, expression of only Protein 1 was encountered in advance of Protein 2 in serial sample sets from Patients ID 94 and 2774 (Fig. [2](#Fig2){ref-type="fig"}). Also, for one subject (ID 129), Protein 2 was detected intermittently between 96 and 72 months prior to diagnosis. Overall, both of the mesothelioma-specific ENOX2 transcript variants were detected 4--10 years in advance of clinical symptoms and with an average of 6.2 ± 2.6 years in advance of clinical symptoms (Fig. [2](#Fig2){ref-type="fig"}).

Subjects diagnosed with benign pleural plaques alone or with accompanying asbestosis {#Sec6}
------------------------------------------------------------------------------------

Of the fifteen asbestos-exposed subjects with benign pleural plaques either alone, or with accompanying asbestosis (Table [3](#Tab3){ref-type="table"}), ENOX2 proteins were not detected in the sera of nine subjects (i.e., 60 %). Only one subject (ID 1268), was positive for both mesothelioma specific ENOX2 protein transcripts. Of the remainder, three subjects (ID 1542, 4334, and 4476) expressed only Protein 2 and two subjects (ID 4288 and 10011) expressed only Protein 1 (Table [3](#Tab3){ref-type="table"}). Of the benign subjects exhibiting only Protein 1, both were female. For three subjects, longitudinal annual serum samples were available. For patient ID 1268, both ENOX2 protein isoforms were detected over a 10 year period (Table [3](#Tab3){ref-type="table"}). This individual remains clinically malignancy-free 1.5 years after the last sample was analyzed. He has extensive pleural plaques, has never smoked and has a normal serum mesothelin level (data not shown). Only one of the ENOX2 isoforms was expressed in the other two benign patients examined longitudinally, though the protein was present over several years. Patient ID 4288 died approximately 1.5 years after the last sample was analyzed from non-malignant causes. Patient ID 1542 remains alive approximately a year after the last sample was examined.

Correlation between clinical diagnosis and ENOX2 spot diameter {#Sec7}
--------------------------------------------------------------

For subjects who developed mesothelioma, the spot diameter at the earliest date of detection for both Protein 1 and Protein 2 was 1.95 ± 0.3 mm (not shown). The diameter remained more or less constant, increasing slightly to 2.3 ± 0.3 mm at the last date prior to mesothelioma diagnosis and a diameter of 3.2 ± 0.9 mm within the year following diagnosis. This represented approximately a twofold increase in serum ENOX2 concentration between the initial date of early detection and the clinical diagnosis of frank mesothelioma (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Log-log linear relationship between spot diameter and amount of ENOX2 protein. Varying amounts of purified, recombinant ENOX2 were analyzed by immunoblot. The log of the diameter of the detected ENOX2 spot was then plotted as a function of the log of the amount of ENOX2 loaded

In contrast, the amount of ENOX2 detected in the sera of time series subjects who have not developed mesothelioma (Table [3](#Tab3){ref-type="table"}) either remained constant or declined. For subject ID 1268, spot diameter declined progressively from 2.0 to 0.8 mm between disease-free year 1 and 10. This decrease in spot diameter for Protein 1 for subject 1268 represents a reduction in the circulating ENOX2 concentration of approximately 90 % during the observation period, based on the relationship shown in Fig. [3](#Fig3){ref-type="fig"}. For subject ID 4288, expressing only Protein 1, the spot diameter declined from 2.2 to 1.8 mm between disease-free year 8 and 10. For patient ID 1542 expressing only Protein 2, spot diameters remained at 1.3 ± 0.3 mm over the 10 year observation period and for subject ID 1268 exhibiting both Protein 1 and Protein 2, the spot diameter remained constant at 1.3 ± 0.2 mm for a similar duration.

Discussion {#Sec8}
==========

The identification of specific ENOX2 isoforms in sera can be indicative of the presence of cancer and also indicative of the cancer site. Malignant mesothelioma is characterized by the presence of two ENOX2 protein species of molecular weight 64 and 41 kDa, and pI 3.9 and 4.3, respectively.

All 17 patients who were diagnosed with malignant mesothelioma displayed both mesothelioma-specific protein ENOX2 isoforms. Importantly, both ENOX2 isoforms were required for a correct identification of malignant mesothelioma by using the ONCOblot test (Table [1](#Tab1){ref-type="table"}).

Of the cancer types examined to date, the ONCOblot pattern for malignant mesothelioma most closely resembles that of bladder cancer (Table [1](#Tab1){ref-type="table"}). However, the pI of the larger molecular weight transcript variant is sufficiently different to avoid mischaracterization (Table [1](#Tab1){ref-type="table"}). In any case, differentiating these two cancers rarely presents a diagnostic dilemma clinically. For malignant mesothelioma two ENOX2 protein transcript variants are evident; indeed multiple ENOX2 isoforms are seen in approximately half of the different types of cancer (Table [1](#Tab1){ref-type="table"}).

The two ENOX2 transcripts were apparent in the seven mesothelioma patients examined, 4--11 years before the clinical onset of disease (Fig. [2](#Fig2){ref-type="fig"}). This is an exciting finding and implies that production of ENOX2 proteins are an early event in carcinogenesis. To our knowledge, this is the earliest prediagnostic indicator of cancer thus far reported. The use of serum biomarkers for the early detection of cancer has been the goal of many individual researchers and research consortia, such as the Early Detection Research Network \[[@CR16], [@CR17]\]. While some serum biomarkers have been described, few are used in routine clinical practice \[[@CR18]\], and most give a lead time of less than a year \[[@CR19]\]. Biomarker utility is hampered by low levels of specificity combined with a propensity to yield false positives \[[@CR20]\]. The only useful biomarker for mesothelioma is mesothelin which is elevated in between 15 and 40 % of individuals exposed to asbestos before diagnosis of mesothelioma \[[@CR7]\]. Asbestos-exposed individuals represent an ideal cohort to evaluate prospective serum biomarkers for cancer detection, due to both their quantifiable exposure to a carcinogen and the well-established link to a specific cancer type, malignant mesothelioma.

The distribution of histological asbestos-related lung cancer is similar to that of lung cancers of other etiologies \[[@CR21], [@CR22]\]. The test has been evaluated previously for both non-small cell and small cell lung cancers (Table [1](#Tab1){ref-type="table"}). Those cancers exhibit a single ENOX2 protein unique to lung cancer but can be distinguished by their pIs \[[@CR8]\].

Of the subjects with benign disease, 60 % lacked ENOX2 proteins in their serum (Table [3](#Tab3){ref-type="table"}). Both protein transcript variants were found in the serum of only one subject currently diagnosed with benign disease (subject ID 1268). For the remaining five subjects diagnosed with benign disease, only one protein transcript variant was detected. It is possible that the presence of one of the two mesothelioma-specific isoforms is an indicator of early pathological changes that predate the development of mesothelioma, as the transition from benign disease to malignant mesothelioma may be required for both transcript variants to be present. This issue would require longer follow-up to elucidate. Within the ONCOblot test, the presence of only the high molecular weight mesothelioma-specific ENOX2 transcript variant would be identified as 'not in the database' as no malignancy characterized to date produces a single ENOX2 transcript variant with a similar molecular weight and pI as this ENOX2 transcript variant. In contrast, the presence of only the low molecular weight transcript variant would be misidentified as a cancer of blood cell origin (Table [1](#Tab1){ref-type="table"}).

Of note, for the three patients who were diagnosed with benign disease and examined in a time series, the detected ENOX2 spot size either remained constant or declined during the observational period. Two of these subjects (subject ID 1542 and 4288) produced only one ENOX2 transcript variant (Table [3](#Tab3){ref-type="table"}). Although the remaining patient (subject ID 1268) produced both mesothelioma-specific transcript variants (Table [3](#Tab3){ref-type="table"}), a steady decline of Protein 1--40 % of the initial amount detected was observed over a 9 year period. The largest spot diameter encountered in patients clinically diagnosed with mesothelioma was 6.6 mm representing a nearly tenfold increase in ENOX2 proteins in the serum compared to levels giving rise to a 2 mm diameter spot at early detection. It is possible, though not proven, that as the controls in this study have all been exposed to asbestos that these false positives may represent a pre-malignant stage of mesothelioma that has yet to become clinically meaningful. Furthermore, mesothelioma is recognized for the long latency period between asbestos exposure and malignancy, so it is possible that during this phase equilibrium is maintained between the host and the cancer. The presence of one of the mesothelioma-associated ENOX2 transcript variants may reflect this interaction. The immune system is capable of influencing the outcome of mesothelioma patients, as evidenced by the occasional finding of spontaneous mesothelioma regression accompanied by strong lymphocyte infiltration \[[@CR23]\] and by spontaneous humoral responses \[[@CR24]\]. This notion will be investigated further.

A test that can detect mesothelioma at an early stage might offer the prospect of early intervention as an approach to improve patient outcomes. The data from this study demonstrate that serum ENOX2 proteins characteristic of malignant mesothelioma can be detected in subjects 4--11 years before diagnosis based on clinical symptoms, and raises the possibility that the benefits of early intervention could be studied in such individuals.

Conclusions {#Sec9}
===========

In a population of asbestos-exposed subjects who eventually developed malignant mesothelioma, ENOX2 transcript variants characteristic of malignant mesothelioma were present in serum 4--10 years in advance of clinical symptoms. As with all biomarker studies, these observations require validation in a larger, independent cohort of patients and should include prospective as well as retrospective sampling.

Methods {#Sec10}
=======

Case control identification {#Sec11}
---------------------------

Serum samples were randomly selected from individuals who participated in an ongoing cancer prevention program \[[@CR12], [@CR13]\]. Samples were chosen from individuals with (1) a diagnosis of malignant mesothelioma confirmed by the Western Australian Mesothelioma Registry \[[@CR25]\] and (2) from asbestos-exposed control subjects with benign pleural plaques either alone or with accompanying asbestosis \[[@CR26]\]. For a sub-set of subjects, annually collected longitudinal serum samples were available. This study was approved by the Sir Charles Gairdner Hospital Human Research Ethics Committee.

ONCOblot tissue of origin cancer detection test {#Sec12}
-----------------------------------------------

Serum samples were analyzed for the presence of ENOX2 protein transcript variants by using the ONCOblot Tissue of Origin Cancer Detection Test as described \[[@CR8]--[@CR10]\]. Briefly, 25 µl of serum were separated using two-dimensional gel electrophoresis with isoelectric focusing in the first dimension to determine pI and SDS--polyacrylamide gel electrophoresis in the second dimension to determine molecular weight. Proteins were transferred to nitrocellulose and ENOX2 proteins were identified by immunoblot analysis with an ENOX2-specific recombinant antibody linked to alkaline phosphatase using a colorimetric substrate for detection. Blots were scanned and the pI and molecular weight of each ENOX2 transcript variant present was calculated by comparison to molecular weight standards and to two internal reference proteins (serotransferrin, ca. 82 kDa, pI 6.8, and α-fetuin, ca. 53 kDa, pI 4.1). The two reference serum proteins, serotransferrin and α-fetuin are detected on western blots because they both share a similar five amino acid sequence within the antibody combining site shared by all ENOX2 protein transcript variants \[[@CR10]\]. Transferrin or α-fetuin antibodies were not added nor is the reaction unspecific. Each transcript variant of ENOX2 migrates to a specific location defined by the two reference proteins and has a specific location (molecular weight and pI) on the blot that correlates to the known tissue of origin determined from banked sera samples collected from individuals with a clinically confirmed diagnosis of cancer (Table [1](#Tab1){ref-type="table"}).

The protein chemistry differences that underlie the molecular weight and pI differences that distinguish tissue-specific ENOX2 transcript variants result from alternative splicing of the ENOX2 mRNA \[[@CR27]\]. Each of the protein transcript variants share a common exon 5 which contains the ENOX2-specific antibody-combining site including the amino acid sequence EEMTE. The overall sensitivity of the test is estimated to be \>95 %.

The different tissues of origin provide for non-overlapping patterns of ENOX2 protein transcript variants each with a characteristic number of protein transcript variants, molecular weights and pIs. The majority of the tissues of origin, including small cell and non-small cell lung cancer, are represented by a single transcript variant. Several tissues of origin, including mesothelioma, ovarian, hepatocellular, uterine and six others are represented by two transcript variants. Three cancer tissues of origin, stomach, colon and kidney, have three \[[@CR8]\].

Quantitation of ENOX2 based on spot diameter {#Sec13}
--------------------------------------------

To estimate relative amounts of ENOX2 in sera, data from patients were compared to a standard curve of known amounts of a functional, 46 kDa form of recombinant human ENOX2 generated in *E coli*. The log of the spot diameter and the log of the mass of ENOX2 detected by immunoblot after 2-D separation correlated linearly, r^2^ = 0.95 (Fig. [3](#Fig3){ref-type="fig"}). The complete amino acid sequence of a 72 kDa form of ENOX2 is available from GenBank under accession no. AF207881. The limit of detection of the ONCOblot assay is approximately 100 femtomoles of an ENOX2 protein \[[@CR11]\].
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